Direct inoculation of bluetongue virus into 125-day bovine fetuses resulted in development of hydranencephaly. The earliest lesions after virus inoculation were a severe necrotizing encephalitis, which was most prominent in the cerebrum, and an associated nonsuppurative meningitis. At birth, the brains of infected fetuses had thin-walled cerebral hemispheres, dilated lateral ventricles, and cerebral cysts. No gross lesions were observed in the brain stem or cerebellum.
Bluetongue virus infection of cattle is common in the United States, particularly in the western, southwestern, and southeastern states [ 121. Infection of pregnant cattle may lead to fetal malformation, but the range of such fetal aberrations has not been defined adequately. The virus has been incriminated as a cause of hydranencephaly in cattle, following either direct fetal inoculation or after transplacental transmission of virus in the course of natural infections of pregnant cattle [ 1, 11, 17, 211 . In other instances fetal infections led to the birth of apparently normal calves which were persistently infected with bluetongue virus and perhaps were immunologically tolerant to this virus [9, 101. Such animals would be an ideal reservoir of virus because they would be constantly available to vectors.
The purpose of this study was to investigate the pathogenic potential of bluetongue virus in the bovine fetus, to compare the development of hydranencephaly in the bovine fetus with that described in fetal sheep [2, 14-16, 18, 201 , and to determine if bluetongue virus infection of fetal cattle can lead to postnatal persistence of virus.
Materials and Methods
Nine cows in early gestation were acquired and housed in insect-secure facilities throughout the duration of the experiment. The cows were bled weekly at least three times prior to 
fetal inoculation to ensure that they were free of bluetongue virus. Blood samples were prepared as previously described and inoculated into embryonating chicken eggs for bluetongue virus isolation [3, 41. Serums were screened for the presence of bluetongue virusspecific antibody by the agar gel immunodiffusion test [6, 71.
Fetal gestational age was determined by manual palpation when the cows were acquired. At 125 days of gestation, seven fetuses were inoculated with a partially purified extract [5, 191 of plaque-picked, BHK-2 1 cell culture-derived bluetongue virus (serotype 10) with a titer of 5 x lo6 TCIDS0 (tissue culture infective doses). The two remaining fetuses received a similarly purified extract of uninfected BHK-2 1 cells. Fetuses were inoculated directly through the uterine wall, after a right flank laparotomy had been done on their dams.
Fetuses inoculated with bluetongue virus were removed by ieft flank cesarean section at 4, 8, 12, 20 , and 50 days after inoculation, and two were delivered naturally at term. These two calves were prevented from suckling by use of an udder bag. The two control fetuses were removed by cesarean section at 20 and 50 days after inoculation. At the time of fetal sacrifice, serum and blood samples were collected from fetuses and dams and examined for the presence of bluetongue virus or its specific antibody, by the methods previously described. A variety of fetal tissues were collected and stored in 10% buffered formalin, and other samples were processed for virus isolation. Tissue sections were embedded in paraffin, cut at 6 pm, and stained with hematoxylin and eosin (HE).
Results

Serology and virus isolation
All fetuses inoculated with bluetongue virus became infected, as determined by either virus isolation or the demonstration of bluetongue virus-specific serum antibody (table I). Virus was recovered from all virus-inoculated preterm fetuses, but not from the two calves. Bluetongue virus-specific antibody was demonstrated in serums from the two calves, and the fetuses delivered at 20 and 50 days after virus inoculation. Neither virus nor specific antibody was detected in the control calves.
Gross lesions
All fetuses and calves were outwardly normal at the time of sacrifice. The two term calves were able to stand and walk, and both had well-developed sucking reflexes. All fetal brains were extremely friable. Gross lesions were detected only in the brains of the two term calves in which the cerebral hemispheres consisted of fluctuant fluid-filled sacs bounded by a thin rim of parenchyma ( fig. 1 ). This narrow rim of cortical tissue was reduced focally to a transparent membrane, and in other areas there were fluid-filled cerebral cysts ( fig. 2 ). These two lesions were most obvious in the rostral aspects of the cerebral hemispheres. In both brains, the septum pellucidum was intact but extremely thin. Structures such as olfactory lobes, basal ganglia, hippocampus, thalamus, colliculi, hypophysis, and cerebellum all appeared normal.
Histology
All four fundamental zones of the embryonic central nervous system, namely the ventricular, subventricular, intermediate and marginal zones, were well-developed in 145-and 175-day control fetuses. The cortical plate at the junction of the marginal and intermediate zones contained many neurons in both control fetuses. The subventricular zone was somewhat more prominent in the 145-day fetus and the intermediate zone of this fetus contained greater numbers of migrating cells.
Fetuses sacrificed at four and eight days after bluetongue virus inoculation had only an occasional meningeal aggregate of mononuclear cells. The four central nervous system zones were present in the brains of these fetuses and their cortical plates were cellular. Waves of migrating cells sometimes were present in the intermediate zone ( fig. 3) .
The fetus sacrificed 12 days after virus inoculation had severe necrotizing encephalitis and nonsuppurative meningitis that was most severe in the telencephalon. Discrete areas of cavitation were scattered throughout the cerebral hemispheres, but these were most common in the rostral portions. These cavitations were usually in the intermediate zone with variable involvement of the cortical plate ( fig. 4 ). They occasionally also were present in the subventricular zone. The margins of the cavities were delineated sharply by a zone of necrotic cells ( fig. 5 ). The cavities contained necrotic debris, extravasated erythrocytes, and numerous macrophages, many of which were distended with erythrocytes. Occasionally, small vessels within these cavities were occluded by thrombi. There was also extensive necrosis of individual cells throughout the remainder of the intermediate and subventricular zones. Vessels throughout the cerebrum were prominent because they were lined by numerous large endothelial cells. There was hemorrhage, and sometimes erythrophagocytosis, in perivascular sites. Necrotic cells occasionally were present in the lumen of small vessels, and thrombi were present within some choroid plexus vessels (fig. 6 ). The rhombencephalon, diencephalon, and mesencephalon were involved less, although there was necrosis of individual cells in the external granular and molecular layers of the cerebellum, and focal gliosis, microcavitation, and nonsuppurative meningitis in the brain stem.
The fetus sacrificed 20 days after inoculation of virus also had a severe necrotizing encephalitis and nonsuppurative meningitis. Discrete areas of cavitation were present in the intermediate zone ( fig. 7 ). In addition, small clear foci of microcavitation, which sometimes coalesced into more extensive areas, were present in both the intermediate ( fig. 8 ) and subventricular zones ( fig. 9 ). There was considerable mineralization of necrotic debris in extensive areas of necrosis. Individual cell necrosis was scattered throughout the subventricular and intermediate zones, and among cells in the meningeal infiltrate. Meningeal infiltration by mononuclear cells was more intense than that present in the fetus taken 12 days after inoculation. The meningeal infiltrate formed discrete cellular aggregates that sometimes resembled lymphoid follicles. Hemorrhage and erythrophagocytosis were present around some vessels. No significant lesions were observed in the brain of the fetus sacrificed 50 days after virus inoculation. Virus was recovered from a number of tissues, but not the brain of this fetus.
In the brains of the two calves, the walls of the fluid-filled cerebral hemispheres consisted of an ependyma-lined, narrow rim of tissue with adherent leptomeninges. This tissue consisted of a cortical plate, marginal zone, and a compressed rim of subcortical white matter. Cystic cavities were present in the subcortical white matter, although some also extended into the adjacent cortical plate so the overlying cerebral tissue was thin and contained few cells. An occasional small cluster of mononuclear cells was present in the meninges of the mesencephalon, and there were some small accumulations of mineral in the mesencephalon and hippocampus. No significant lesions were observed in other tissues.
Discussion
Fetal inocu1,ation was done at 125 days of gestation because the bovine central nervous system is susceptible to bluetongue virus at this time [I], although infection would be unlikely to kill the fetus. Similarly, bluetongue virus infection of the immature ovine fetus can cause fetal death, whereas infection later in gestation will produce congenital malformation [ 161.
The fetus sacrificed 50 days after virus inoculation became infected with bluetongue virus, yet no central nervous system lesions were observed and no virus was isolated from the brain. It is possible that the fetus was at a more advanced gestational age when inoculated with virus. Older fetuses apparently do not develop hydranencephaly [8], and the lack of lesions in the brain of this fetus may reflect the inadequacies of manually determining fetal gestational age. The two term fetuses were delivered at the expected time, however, and all fetuses were of a size and developmental stage compatible with the gestational age determined by palpation. To avoid any possible confusion, it would be desirable to use date-mated cattle in future studies.
The necrotizing process in the cerebral hemispheres of immature fetuses that progressed to the formation of thin, sac-like structures in the brains of term calves is similar to that described after bluetongue virus infection of fetal sheep [2, 151. Bluetongue virus may induce a spectrum of congenital malformations in sheep, which at birth range from brains with thin-walled cerebral hemispheres, cerebral cysts, and dilated lateral ventricles to complete replacement of the cerebral hemispheres with membranous fluid-filled sacs. It would be expected that bluetongue virus infection of fetal cattle also could lead to a spectrum of cerebral anomalies that differ in severity, depending upon gestational age of the fetus at infection. Whether hydranencephaly is the appropriate term for this entire spectrum of anomalies is conjectural, however it does differentiate this process from hydrocephalus. In bluetongue virus-induced encephalopathy, it is probable that passive dilation of the lateral ventricles occurs as a sequel to virus-mediated destruction of tissue in the developing cerebrum. Porencephaly has been used to describe less severe manifestations of bluetongue,virus-induced encephalopathy [ 15, 171, however this term is not appropriate to this study because it describes only the cerebral cysts and does not address the thin-walled cerebral hemispheres and dilated lateral ventricles that also were present.
Two distinct processes appear to be responsible for bluetongue virus-induced hydranencephaly in cattle. First, the large cavities with necrotic centers and discrete margins resemble areas of infarction. These cavities were seen as early as 12 days after inoculation, and they were most prominent in the rostral regions of the cerebrum. Term calves' brains contained cerebral cysts in this region. Second, there was a diffuse microcavitation of the intermediate and subventricular zones of the fetus sacrificed 20 days after bluetongue virus inoculation. Collapse of these areas could produce the dilation of the lateral ventricles and reduction of subcortical white matter that was present in term calves' brains.
A number of lesions in the brains of the fetuses sacrificed 12 and 20 days after bluetongue virus inoculation further support the concept that vascular lesions might be responsible for the discrete foci of cerebral necrosis. Vessels were diffusely prominent throughout the brains of these fetuses and hemorrhage, sometimes accompanied by erythrophagocytosis, was noted around some vessels. Small vessels occasionally contained necrotic cells that may have been endothelial cells, and some vessels within the choroid plexus contained thrombi. From these observations we speculate that initial virus infection is responsible for vascular damage which in turn leads to infarction of the area supplied by the damaged vessels. It is not readily apparent why older fetuses and adult cattle are not susceptible to this injury, or why the infarcts usually occur in the rostral regions of the cerebral hemispheres.
Vascular lesions are less likely to have caused the microcavitations in the intermediate and subventricular zones of the fetus sacrificed 20 days after virus inoculation. No extensive hemorrhage or large areas of necrosis were associated with microcavitations, but the tissue appeared edematous. At the time the fetuses were infected, the cortical plate already was populated with neurons, thus the majority of cells in the subventricular zone probably were glial cell precursors. Bluetongue virus induced extensive individual cell necrosis throughout the intermediate and subventricular zones, and this destruction of glial cell precursors may have been responsible for the development of microcavitations. A similar pathogenesis has been proposed for bluetongue virus-induced encephalopathy in sheep and mice [13, 141. In these experiments, bluetongue virus did not induce abortion, and hydranencephaly was the only significant defect that was observed consistently. Others have reported that infection of pregnant cattle in early gestation subsequently may lead to the birth of calves persistently infected with bluetongue virus [9, 101. The calves in our experiments apparently had cleared themselves of virus by the time of birth.
If hydranencephaly is a consistent sequel to congenital bluetongue virus infection, infected fetuses would have poor viability after birth and could not be expected to have any significant role in the dissemination of bluetongue virus.
